It is believed that rolling-circle plasmids are incapable of re-initiation since they have to maintain their copy number and this is one of the differences between plasmids and phages as phi-xl74. To examine whether a rolling-circle plasmid pKYM is incapable of re-initiating DNA replication, we constructed a plasmid that carries both the pKYM origin (fragment 13, 173 bp) and its truncated origin (fragment 32, 56 bp) in the same orientation. This plasmid yielded two smaller plasmids in the presence of RepK, an initiator protein. We showed that RepK can bind to the fragment 13 but not to fragment 32 which lacks the 3'-moiety of fragment 13. These results imply that RepK initiates DNA replication from fragment 13 and terminates at fragment 32, then the same RepK is used for re-initiation of replication from the fragment 32 region. pKYM is likely to be a unique plasmid that re-initiates DNA replication like a phage phi-xl74.
Introduction
In DNA replication by the rolling-circle mechanism, initiation and termination of replication are defined as follows. Initiation is the introduction of a specific singlestrand break in the plus replication origin by a Rep protein encoded by the plasmid. Termination is the nicking and rejoining of the displaced single-strand at the site where the initial single-strand break was introduced.
In phi-xl74 geneA protein (GpA), termination of one replication cycle is coupled to initiation of the next. Reinitiation would give a advantage to the phages that are not have to control their copy number. On the other hand, plasmids have to maintain their copy number at a constant level. Several mechanisms have been proposed for the control the copy number of plasmids. The inhibition of the re-initiation is thought to be one of the mechanisms. In the case of the staphylococcal plasmid pT181 that also replicates by the rolling-circle model, its replication initiator protein RepC is inactivated after the termination of DNA replication. 1 Therefore, RepC can not re-initiate DNA replication. Gros M. F. et al. 2 ' 3 reported that the initiator protein RepA of pC194, which was isolated from a Gram-positive bacterium and replicates via a rolling-circle mechanism, can not re-initiate DNA replication. Gros M. F. and Ehrlich S.D., 4 We have prepared several pUC18 derivatives carrying various fragments of the pKYM origin. Among them, pMO13 that has the minimal ori region (fragment 13, 173 bp) can initiate and terminate DNA replication normally, whereas pMO32 that carries a truncated ori region (fragment 32, 56 bp) can terminate but not initiate. 8 Here we report that plasmid pKYM re-initiates DNA replication in the presence of native RepK.
Materials and Methods

Bacteria and plasmids
The Escherichia coli strains used in the experiments were JM109, 9 WA802 10 and WA802 polA which is a DNA polymerase I mutant of WA802. WA802 polA was established in our laboratory. The plasmids used were the derivatives of pUC18 n carrying either the origin or a truncated origin of pKYM. The constructs of pMO13 and pMO32 have been previously described. 8 ' 11 pMO13 carries the entire origin of pKYM (fragment 13; from nucleotide number 394 to 566 of pKYM) and pMO32 carries a part of the origin (fragment 32; from nucleotide 394 to 451). Fragment 33 (from nucleotide 394 to 449), which is two base pairs shorter than fragment 32, was synthesized. The genetic structure and the nucleotide sequence around the replication origin of pKYM is shown in Fig. 1 . pT13A32 and pT13A33 are the plasmids carrying the fragments 13 and 32 or 33 in the same orientation as shown in Fig. 3 . These plasmids carry the tetracycline resistant (tet T ) and ampicilline resistant (amp T ) genes. pOPM3702 is a derivative of R6K carrying the repK gene and was used to supply the RepK protein in trans. pOPM3703F which carries repKY237F is a derivative of pOPM3702. RepKY237F is a mutated RepK in which Tyr237 was exchanged to Phe. 6 
Gel shift assay
Fragments 13 and 32 labeled with 32 P were prepared by polymerase chain reaction (PCR) amplification. 12 and used as probes. The reaction mixture (10 fil) for the gel shift assay contained 100 mM NaCl, 10 mM Tris-HC1 (pH 7.5), 1 mM EDTA, 10%(v/v) glycerol, 2 ^g of poly(dl-dC) (Sigma Chemical Co.) and 0.13 pmol of a probe. An aliquot of 2.2 pmol of purified RepK. 13 was added to the reaction mixture then incubated for 10 min at 30°C. After incubation, the mixtures were electrophoresed in 6% polyacrylamide gel at 4°C.
Southern hybridization
pBR322 was digested with Ssp I, Pst I, EcoRV and Nru I, then the Ssp l-Pst I fragment which carried a part of the amp 1 gene (561 bp) and the EcoRV-Nru I fragment which contained a part of the tet r gene (787 bp) were purified from agarose gel and used as a probe. The preparation of labeled probe, hybridization condition and wash condition are described elsewhere. 8 
2.4-Enzymes and other methods
Emzymes were purchased from TOYOBO CO., (Japan) and TAKARA CO., (Japan), and used with their recommendation. Other general procedures were performed as described previously. 14 
Results and Discussion
Th6 binding of RepK to the replication origin
The binding of RepK to the pKYM origin was examined by gel shift assay. The nucleotide sequences of fragments 13 and 32 used for the assay are shown in Fig. 1 . As shown in Fig. 2 , the purified RepK bound to fragment 13, but no binding was detected with fragment 32. The concentration of RepK used in this experiment is about 17 times greater than that of the probes. We have previously
RepK
-4. L Figure 3 . The scheme for the detection of re-initiation. Generation of daughter plasmids is schematically illustrated. The parental plasmids pT13A32 and pT13A33 are converted into the daughter plasmids pT13 containing fragment 13 (black box) and pA32 containing fragment 32 or pA33 containing fragment 33 (shaded box), if RepK is able to re-initiate DNA replication at fragment 32 or 33. pOPM3702 supplies RepK. pUC18 origin is shown as O. reported that plasmid pMO13 could transform E. coli WA802 polA carrying pOPM3702 which expressed RepK in trans but pM015 could not. 8 Gel shift assay demonstrate that RepK can not bind to the truncated origin efficiently. This may explain why pM0l5 could not initiate DNA replication
Detection 0} the re-initiation products
The re-initiation of pT13A32 or pT13A33 was examined following the scheme shown in Fig. 3 . If RepK can re-initiate DNA replication, RepK initiates replication from fragment 13, terminate at fragment 32 and re-initiates replication from fragment 32. This replication cycle would yield two daughter plasmids, pT13 and pA32, from the parental plasmid pT13A32. Thus, plasmids pT13A32 and pT13A33 were introduced into E. coli JM109 or JM109 carrying pOPM3702 which expresses RepK. The transformants were cultivated for 8 h at 37°C and harvested to extract plasmids. The structure of the plasmids recovered were examined by gel electrophoresis. As shown in Fig. 4A , replication of pT13A32 generated two smaller plasmids (lane 3) but pT13A33 did not do so even when RepK was supplied in trans (lane 5). We confirmed that these two smaller plasmids correspond to pT13 and pA32 by southern hybridization. As shown in Fig. 4B , one of the small plasmids was detected when the fragment of the amp T gene was used as a probe (lane 2) and the other one was hybridized to the fragment of tet T gene (lane 4). The plasmids used were extracted from transformants after 25 h of cultivation. This Southern data indicate that these small plasmids are pT13 and pA32, respectively. The restriction map of the plasmids also indicates that these plasmids are pT13 and pA32 (data not shown). These results indicate that re-initiation occured with pT13A32 but not with pT13A33.
When the parental plasmids were introduced into the cell carrying pOPM3703F, daughter plasmids were not detected since pOPM3703F expresses inactive RepK protein, RepKY237F, in which Tyr237 has been substituted by Phe (Fig. 4C) . Therefore, the generation of daughter plasmids is due to the RepK activity but not the recombination reaction.
Discussion
RepK could not bind to fragment 32, however, generated two daughter plasmids from a parental plasmid, [Vol. 4.
• wmnw aawwK sum M 4) . Lanes 1 and 3: pT13A32 DNA recovered from E. coli JM109. Lanes 2 and 4: pT13A32 was introduced into JM109 carrying pOPM3702. Plasmids were recovered from transformant. C) E. coli JM109 and JM109 carrying pOPM3703F were transformed by the parental plasmid pT13A32. Cells were cultivated for 8 h at 37°C and harvested to extract plasmids. Lane 1: Lambda DNA digested with Hindlll. Lane 2 : pT13A32 was introduced into JM109 and extracted fron transformant. Lane 3: pT13A32 was introduced into JM109 carrying pOPM3703F and recovered from transformant.
pT13A32. These results suggest that RepK initiated DNA replication from fragment 13 of parental plasmid pT13A32 and terminated at fragment 32 to yield plasmid pT13, then re-initiated from fragment 32 and terminated at fragment 13 to make plasmid pA32. Since fragment 32 is active in termination of DNA replication, this result indicates that the initiation step requires the interaction between RepK and the origin to be much stronger than that required for the termination step. In the reinitiation, RepK which was used at the initiation step might be re-used because RepK can not bind to fragment 32. This indicates that RepK binds covalently to the 5' end of nicking-sites like a gene A protein (GpA) of phage phixl74. The mechanism of action of GpA has been reported as follows. 15 Two active tyrosine residues locate on the same side of the alpha-helial portion of GpA. In the initiation of DNA replication, one of the tyrosine residues attacks the nicking site (G ATA) of the replication origin, and GpA binds to the 5' end of the DNA strand via a tyrosyl-phosphodiester bond. After one round of replication, the other tyrosine residue attacks the same site of the newly synthesized strand.
Recently it has been reported that a mutated Rep A, which aquired two active tyrosine residues like a GpA, re-initiated DNA replication. 4 Unlike the mutant RepA or GpA, the native RepK does not have two active tyrosine residues on the same side of the alpha-helial portion (Fig. 5) . Nevertheless, it re-initiates DNA replication. Although we have shown that the tyrosine residue (Y237) of RepK is essential for DNA replication, 6 one more amino acid residue which contributes to DNA replication is still unknown. It is also necessary to examine whether RepK forms a homodimer or not. Since a RepK homodimer, if it is formed, would have two tyrosine residues, one Y237 would be able to initiate replication and the other one would be available for re-initiation.
Fragments 13 and 32 have the ability to form a stemloop structure including the predicted initiation site 5'-GATA. To examine whether this structure was important for re-initiation, the plasmid pT13A33 which contained fragment 33 instead of 32 was prepared. The stem formed in fragment 33 was shorter and less stable than that formed in fragment 32. As shown in Fig. 4A , reinitiation was not observed with fragment 33. This may provide evidence that the stem structure is important for re-initiation.
The ability of the replication initiator proteins to reinitiate DNA replication would be beneficial to bacte- Tyr residues which attack the replication origin are shown in bold. Glu and Ser which were exchanged to Tyr and Ala, respectively, in RepA are indicated by stars. 4 riophages which do not have to control their copy number. On the contrary, plasmids have to maintain their copy number constantly. pKYM has the three following mechanisms to control the amounts of RepK: 1) inhibition of transcription by the binding of the HU proteins to the repK promoter, 2) attenuation of RepK mRNA like a pT181, 3) inhibition of translation by sequestering the repK Shine-Dalgamo (16 and our observation). The copy number of pKYM would be controled by the amounts of RepK. The efficiency of re-initiation would be low since the parental plasmid pT13A32 was still detected after 8 h of cultivation (Fig. 4A, lane 3) . This low efficiency would contribute to maintain the copy number.
Seery L. T. et al. 17 and Waters V. W. et al. 18 proposed the idea that pKYM provides the missing link between Gram-positive and Gram-negative bacterial plasmids. pKYM may provide the missing link between plasmids and phages.
